Abstract-In this study, the impedance control for smoothly receiving the impact of an incoming object is designed and realized. The control strategy is based on the idea that the back drive motion of an end effector attributable to the collision impact is regarded as plastic deformation of the robot. The impedance dynamics are constructed from the Maxwell model, which describes plastic deformation. Next, two types of control methods are proposed in terms of the connection configuration of the spring and damper. Physical simulations of the impact absorption with a robotic arm are executed to validate and analyze the proposed control laws.
I. INTRODUCTION

I
N recent years, a rapid increase in the opportunity of robots' physical interactions with humans, other robots, and operational objects has occurred because of the promotion of robots in various environments, which acknowledges the importance of realizing mechanical softness for safety and breakage prevention. For the realization of mechanical softness using hardware devices, variable viscoelastic mechanisms have been developed, such as the use of an electrorheological fluid [1] , antagonisticdriving nonlinear springs [2] , and pneumatic artificial muscle actuators [3] . These approaches using hardware devices have a superior response bandwidth; however, they are difficult to implement in real robots in terms of the module size, durability, and hysteresis. Therefore, software servo control has been extensively studied to achieve mechanical softness.
In order to determine the end effector's response characteristics to an external force with servo control, impedance control is generally used, which adjust the inertia, viscosity, and elasticity [4] . Several different approaches have been proposed from a variety of viewpoints, including feedback from positions and velocities without requiring force sensors [5] , the adjustment of the joint-independent compliance to set the compliance of an end effector [6] , dynamics compensation to realize the transformation to linear dynamics [7] , and improvements in the robustness to reduce the adverse effects of the disturbance and model error [8] . Vision-based methods have also been proposed, in which virtual surfaces are used to facilitate impedance control even before contact [9] , [10] . Moreover, impedance control has been extended to be applied to robots with complex mechanisms such as redundant degrees of freedom (DOFs) and flexible joints [11] . For redundant manipulators, the use of the null-space motion is the key to meeting additional requirements with respect to the desired behavior [12] . The design of the null-space stiffness and damping has been well analyzed in the task space and joint space [13] - [15] . For flexible manipulators, singular perturbation theory has been widely applied to model and control the behavior [16] . The approach is based on the separation into two subsystems composed of flexible oscillating control and rigid motion control [17] . A passivity-based approach including torque feedback has been also used for flexible manipulators [18] , [19] .
These impedance control methods are based on a model that connects a spring and damper in parallel. Therefore, even though the equilibrium position changes depending on the applied external force, a repulsive force is always generated to return the end effector to its original position of zero displacement. In particular, for motion in which an object has to be stopped while its impact is absorbed, such as in a catching task, the strategy of trying to match the reference velocity with the velocity of the incoming ball has been commonly used in the impedance controller [20] , [21] . However, the setting method of the trajectory in this approach after contact is ill-defined and consequently has the possibility of generating a repulsion trajectory such that the ball may be pushed back in the direction opposite to the ball's collision direction in the follow-through before grasping.
To address this, Senoo et al. proposed a control architecture for natural impact absorption with passive dynamic properties based on plastic deformation [22] , as shown in Fig. 1 . Plastic deformation has a significant advantage in that a low-rebound state and contact state can be simultaneously maintained, unlike elastic deformation. Thus, the application of plastic deformation can be assumed, such as in human-robot cooperation with a safety and security technique, a master robot with mechanical constraints unnoticeable to the operator, and deformable devices that can produce plastic behavior for virtual reality. In the previously mentioned paper [22] , a shock absorber was developed on the basis of the Maxwell model used for the expression of plastic deformation, and its validity was demonstrated by experiments. However, only damping control was implemented in the system as a control law, and the actual elastic body was used as a component of the Maxwell model.
In this paper, we propose two adaptable control laws to actively adjust the inertia, viscosity, and elasticity using software servo control. First, the main properties of the Maxwell model are described, and the existence of an equivalent transformation of the Maxwell model between the series and parallel representations is highlighted. Next, two control laws for robotic arms are proposed from both sides of the equivalent transformation to achieve the response characteristics of the Maxwell model. The proposed methods are validated by physical simulation, in which successful catching of a rolling object is demonstrated.
II. APPLICATION OF THE MAXWELL MODEL TO IMPACT ABSORPTION
A. Concept
In the field of rheology related to material deformation and flow, there are two basic linear viscoelastic models: the Voigt and Maxwell models, as summarized in Table I . The Voigt model, which connects a spring and damper in parallel, is suitable for the representation of elastic deformation in which the displacement returns to zero when an external force is removed. On the other hand, the Maxwell model, which connects a spring and damper in series, is suitable for the representation of plastic deformation in which the displacement does not return to zero, even when an external force is removed.
In this study, impact absorption is achieved by adopting the Maxwell model on the basis of the notion that the trajectory of an end effector that stops a ball without rebound should be regarded as plastic deformation of the robot. Noting that conventional impedance control, which is commonly used for robot control involving impact absorption, is equivalent to the parallel-type Voigt model, the concept is thought of as a contrasting approach in terms of the connection configuration of a spring and damper. Although the Maxwell model and similar models have been used to model shock-absorbing materials attached to a robot's surface [23] and a plastically deformable object as a manipulation target [24] , they have not been directly applied to the principles of robot control. Actually, the most simple model of plastic deformation can be configured only by the damper. However, since it is desirable to disperse the load to the actuators and control the response characteristics in terms of impact absorption, the Maxwell model is used by introducing the spring.
The proposed approach does not rely on a separate adaptation of the reference trajectory of the end effector to match the incoming ball. In contrast, the standard approaches used in catching tasks focus on the explicit planning of a trajectory depending on the state of the object and the robot performance. Examples of such research include a learning method with a training data set of the object trajectory for accurate estimation [25] , [26] , minimization of the acceleration of the robot for generating smooth motion [27] , and image-based visual servoing with an eye-in-hand configuration to keep the object within the field of view [28] . Instead, in our approach, the problem is solved by plastic deformation dynamics, which means that the Maxwell-model-based control does not require the trajectory of the end effector to be set explicitly, as it is generated passively according to an external force. As a method with the same purpose, zero force control is cited [29] , [30] . A passive motion can be achieved by adding a torque that counterbalances the external force. However, since this method cannot adjust the response characteristics to the external force, it is not adequate to set the robot to move while sticking to the object after impact.
B. Impedance Dynamics
The motion equations will be derived for both the Maxwell and Voigt models. It is assumed that one end of the system is fixed, and a mass of M is concentrated at an end effector attached to the other end. The displacement of the end effector x e ≡ x−x 0 is examined when an external force F is applied, where x and x 0 are current and neutral positions of the end effector, respectively. The spring and damper have a spring constant of K and a viscosity coefficient of C, respectively. Note that x 0 is a constant assigned to set the initial position in the proposed control, whereas x 0 corresponds to the variable assigned to set the reference trajectory in common impedance control.
1) Voigt Model:
The well-known equation of motion involving a mechanical impedance can be expressed by the following equation:
The displacement x e converges to 0 if the external force F → 0; therefore, it can be understood that this equation represents elastic deformation. The motion becomes overdamped if the condition of c 2 > 4mk is satisfied in the one-dimensional case. Here, it must be noted that overdamping is a necessary but not sufficient condition for an end effector's trajectory to be monotonic. 2) Maxwell Model: In the Maxwell model, x e is the sum of the displacements of the spring and damper. The equation of motion can be represented by the following equations:
where p e ≡ p−p 0 is the displacement of the damper, and p and p 0 are current and neutral positions of the damper, respectively. If these two equations are combined to eliminate the variable p e , the motion of the end effector can be expressed as follows:
The integral term above does not vanish, even if the external force F → 0. Hence, x e does not return to zero but converges to a position where the force balance is achieved, implying plastic deformation. This is because the damper does not need to return the original position, whereas the spring needs to return the neutral position. The motion becomes overdamped if the condition of c 2 < 1 4 mk is satisfied in the one-dimensional case. Then, the one-dimensional trajectory of the end effector is expressed as
where
A numerical example of the time response is shown in Fig. 2 . The spring is compressed by the impulsive force for a moment but then immediately starts to extend and converges to a zero-displacement state without vibrating. In other words, it is understood that the motion is first dominated by the spring and then the damper because the damper gradually dissipates the elastic energy it stores. As a result, the plastic behavior of the end effector can be generated. 
C. Analysis
Since the Maxwell model can be expressed by a second-order differential equation in the same way as the Voigt model, existing impedance controls may be used to realize the Maxwell model's response characteristics if the parameters are appropriately adjusted. Specifically, Eqs. (1) and (3) suggest that the Maxwell model can be transformed to the parallel expression, as shown in Fig. 3 , if the viscosity term is transformed and the integral term of the external force is added. When doing so, it must be noted that the robot's torque input is required to compensate for a pseudoforce corresponding to the integral term of the external force.
As for the connection configuration in the Maxwell model, the dynamics regarding the end effector, spring, and damper do not change, even when the order of the spring and damper changes. In other words, the behavior of each component does not depend on the order of the components.
III. PLASTIC DEFORMATION CONTROL
In this section, two control laws for achieving the response characteristics of the Maxwell model are proposed from the viewpoint of the connection configuration. Both controllers are constructed with the following assumptions: 1) External forces can only be applied at the end effector and can be measured or estimated. 2) The limit at infinity of the integral of the external force is bounded. In other words, the external force only acts for a limited amount of time.
3) The Jacobian of the end effector has full rank all of the time. Representation singularities never occur.
A. Control Law Based on the Parallel Connection
A control law is proposed on the basis of the parallel expression corresponding to Fig. 3(b) . Focusing not on each motion of the spring and damper but only on the motion of the end effector, the control law is derived using Eq. (3) as the Maxwell model that does not include p explicitly. The approach corresponds to the case in which the impedance of the end effector can be controlled as a consequence of whole-arm motion, as shown in Fig. 4(a) .
The dynamics of a robotic arm with the joint variables q are computed in the joint coordinate system as follows: where M q is the inertia matrix; h is the resultant including the coriolis and centrifugal forces, gravity, and the viscous friction; τ is driving force; J is the Jacobian about the endeffector position; and F is the external force. The position of the end effector x in s-dimensional task coordinates satisfies the following condition:ẋ
Consider the case in which the joints' numbers of DOFs are equal to or higher than the dimensional number of task coordinates and rank J = s is true within a reasonable range. Using Eq. (6), the above dynamics can be transformed into the following in task coordinates:
where J † is the pseudo-inverse matrix of J . Hereafter, we assume that all matrices have full rank. Let the desired impedance regarding Eq. (3) be set as M d , C d , and K d . Then, to achieve the response of the Maxwell model, the control input is calculated using the feedback information of the measurable joint variables q andq and the external force F as
d . τ N C is the nonlinear compensation, τ V E is the setting of the viscoelasticity, τ I N is the adjustment of the inertia, and τ P L is the plastic deformation. Note that the sensor for detecting the end-effector variables x e andẋ is not necessarily required because they can be calculated by q andq using the kinematics.
B. Control Law Based on the Series Connection
A control law is proposed on the basis of the series expression corresponding to Fig. 3(a) . By directly assigning the physical connection point between the spring and the damper to a specific joint of the robot arm, the control law is derived using Eq. (2) as the Maxwell model that explicitly represents the motion of components. The approach corresponds to the case in which the proximal and distal sides of the arm links can be controlled as the damper and spring, respectively, as shown in Fig. 4(b) .
This configuration needs at least s DOFs for each component as the spring and damper. In this study, we consider an arm with a total of 2s DOFs to perform series-based control, which is a redundant manipulator for the motion control of only the end effector. As for the procedure of developing the control law, the former equation in Eq. (2) is reached as the primary task, whereas the latter equation is achieved within the null space of the Jacobian. That is, the input torque is firstly derived by the motion equation of the end effector expressed using the elastic force due to the spring, and then, the arbitrary coefficients are determined for the redundant DOFs so that the constraint regarding the connection between the damper and the spring is satisfied.
The connection point between the spring and the damper is defined as a "node" hereafter. The node position p is assigned to the (s+1)-th joint, and the node velocity is determined aṡ
where J p is the Jacobian about the node. Note that all elements of J p from the (s+1)-th column to last are zero because the node position only depends on the joint angles from the first to s-th joints. For the redundant arm, the joint accelerationq that achieves the end-effector accelerationẍ is represented by Eq. (6) asq
where I is the unit matrix, and ξ is the arbitrary vector. In this case, the input torque that generates the response of the first equation in Eq. (2) is calculated as
From Eqs. (9) and (10), the end effector and node satisfy the following kinematic condition:
Meanwhile, the desired end-effector accelerationẍ d and desired node accelerationp d are derived by the dynamic condition in Eq. (2):ẍ
By substituting Eq. (13) into Eq. (12), ξ is calculated as
As a result, the following control input is determined from Eqs. (11) and (14):
d . Note that the terms of τ N C , τ V E , and τ I N differ from those corresponding to the parallel-based control. In addition, the integral term of the external force does not appear, which indicates that the series connection can be directly configured. Since J p S = 0 and JS = J are satisfied, S is both the projection matrix into the null space of J p and that into the row space of J . In other words, S can be interpreted as the matrix that has the function of extracting the components of the arm links that only correspond to the spring. Therefore, the control law has a clear and understandable structure decomposed into spring and damper terms.
Actually, the control law is derived not directly using the latter condition in Eq. (2), but the relational expression obtained by differentiating it, which may result in the error. Thus, the following desired acceleration can reduce the control error by the addition of a correction term:
where H is the gain matrix. Then, the total control input including the correction torque τ C R is expressed as
Note that the sensor for detecting the node variables p e andṗ is not necessarily required, as in the case of the end-effector variables x e andẋ.
IV. PHYSICAL SIMULATION
A. Simulation Setting
In the simulation, two types of robot arms with rotational joints actuating in the horizontal plane are used: a 2-DOF robot for the parallel-based control and a 4-DOF robot for the series-based control. This setting corresponds to the case of s = 2. The joints and links are numbered beginning from the proximal to distal parts such as Joint-1. The mass of i-th link and the coefficient of viscous friction of the i-th joint are defined as m i and c i , respectively. The desired impedances are defined as (c dx , c dy ) , and K d = diag (k dx , k dy ), which are set to satisfy the overdamping condition and are set as the same values in both the x and y directions. These parameters were determined and are summarized in Table II . The gain matrix is set as H = diag (10.0, 10.0). Open Dynamics Engine is used as simulation environment with an embedded physics engine, and the control-loop cycle was set as 1 kHz. T for the 2-DOF and 4-DOF arms, respectively, which result in an angle of 3π/4 rad between the direction of the contact surface of the end effector to the object and the x axis. For both the parallel-based and series-based controls, two types of traveling directions of the object are verified: case 1, where the traveling direction is perpendicular to the contact surface, and case 2, where the traveling direction and contact surface are at an angle of π/4 rad, corresponding to movement along the x axis. The simulation setting is shown in Fig. 5 .
B. Parallel-Based Control 1) Case 1:
The time response of the external force is shown in Fig. 6(a) . It turns out that the peak force due to the collision can be approximated as an impulse response, and there is continued low contact force until stoppage. The distance between the end effector and the collision object is shown in Fig. 6(b) . Since the distance gradually reaches 0 m and then maintains the state after the collision, it turns out that the collision object moves while stuck to the end effector without rebound. The time response of the end effector's displacement x e is shown in Fig. 6(c) . The object collides with the end effector at t = 0, and then the position starts to move. It can be seen that an overdamping trajectory without overshooting was generated. The end effector halted at almost the same displacement of 0.125 m in both the x and y directions because almost the same external forces act in both directions owing to the orthogonality between the traveling direction and the contact surface.
2) Case 2:
The same values of the external force act at the moment of impact; however, there remains a slightly higher contact force in the x direction than that in the y direction because the object is moving along the x direction. Although the desired impedances are the same in both direction, it turns out that there is a larger plastic displacement in the x direction than that in y direction because of the accumulation by the integral term of τ P L . The y-directional displacement imperceptibly decreases after the peak at 0.49 s. This is because the contact point on the end effector slips owing to the contact force and moves in the −y direction. Even in this case, the contact state in Fig. 7(b) is maintained, which shows that the appropriate impact absorption is achieved.
C. Series-Based Control 1) Case 1:
The simulation results are shown in Fig. 8 . Overall, similar results to those obtained for parallel-based control regarding the equal plastic behavior in both directions without rebound can be observed. The time responses of the displacements of the spring (x e −p e ) and damper p e are shown in Fig. 8(d) . The figure obtained from the physical simulation qualitatively shows the same response characteristics as those of the numerical calculation shown in Fig. 2 . In other words, it turns out that the proximal and distal links have acted as the damper and spring, respectively. The displacement of the spring eventually does not return to zero, and there remains a slight deviation because of the aforementioned issue regarding the use of the differentiated constraint in the derivation process of the control law.
2) Case 2:
The simulation results are shown in Fig. 9 . Overall, similar results to those obtained for parallel-based control for different displacements of plastic behavior in each direction without rebound can be observed. It turns out that the convergence time of each component is proportional to the convergence displacement of the end effector.
D. Performance Analysis
The response characteristics are analyzed while changing the magnitudes of the parameters. The simulations were executed for case 1, and the parameters not explicitly described were set to the same values listed in Table II . Fig. 10 shows the displacement of the end effector for parallelbased control while varying the impedance parameters. From Fig. 10(a) , a larger elasticity results in a slightly larger convergence distance. On the other hand, for a smaller viscosity, the convergence distance is rather large from Fig. 10(b) . Therefore, it turns out that the effect of the viscosity is greater than that of the elasticity on the response characteristics. The results can also be supported by the fact that the main component for plastic deformation is the damper. The convergence distance can be calculated as x e (∞)=C
−1 d
F dt by substituting the static condition ofẋ e =ẍ e = 0 into Eq. (3), which is consistent with the above results. Note that although the time response of F indirectly varies depending on all of the impedance parameters owing to the contact interaction, there remains a very slight change, especially when the external force can be approximated as an impulse function. From Fig. 10(c) , the convergence speed, which can be observed as the rate of rise, depends on the inertia, and not on the viscosity and elasticity. When varying the inertia, two failure cases were verified. One is that the setting of the quite low inertia causes the bounce of the arm because the initial velocity of the arm becomes larger than that of the object just after the impact. The other is that the object stops in first while the arm staying in movement backward, in accordance with the value of the inertia. This finding is attributable to the necessity of the rate of energy dissipation to be set within the appropriate range to keep the contact state because friction also exists between the object and the ground. This problem is solved by adjusting the viscosity with a larger effect on the rate of energy dissipation than the elasticity, which can be obtained by the aforementioned difference between the two parameters. In practice, the problem can be avoided when the viscosity is set to decrease with increase in the inertia. From Fig. 10(d) , the independent response characteristics can be achieved by setting different impedance parameters in each direction, which demonstrates the validity of the decoupling dynamics in the task coordinates. Moreover, it was verified that similar results can be obtained for series-based control in all cases as those for parallel-based control, as shown in Fig. 10 . Fig. 11 shows the displacement of the end effector in the case of adding Gaussian noise with a mean of 0 N and a variance of 0.8 N 2 to the external force from the time of impact. Before reaching the convergence position, a monotonic trajectory can be generated without vibration, and the effect of the noise cannot be obviously observed in both controllers because of the increasing plastic displacement. However, when reaching the convergence position, the end effector starts to fluctuate for the parallel-based controller, whereas it remains at an almost constant position for the series-based controller. This is because the parallel-based control law includes the integral term of the external force τ P L , which results in the integration error. As a result, the series-based controller can reduce the error caused by the influence of the measurement accuracy of the external force compared to the parallel-based controller, whereas a manipulator with two times the DOFs is required in this configuration.
E. Discussion
Since the plastic behavior of sticking to the object is generated and the appropriate impact absorption is achieved with the parameters set in the proper range, it was verified that the proposed control laws are effective. Videos of physical simulations can be found on our website [31] .
From Section IV-D, the qualitative setting method of the impedance parameters is as follows: First, the inertia is set to a moderate value according to the kinetic energy of the object before impact to ensure that the arm does not bounce. Next, the viscosity is determined to be a proper rate of energy dissipation to avoid the detachment of the object from the arm during the back-driven motion, while considering the convergence distance within the robot's range of motion because the viscosity has a large effect on it. Finally, the elasticity is determined to satisfy the overdamping condition, particularly ensuring that the calculated input torque is set within the limit output of the robot, because the torque term τ V E largely depends on the elasticity compared to the viscosity in both controllers.
The proposed controllers are derived under the strict assumptions described at the beginning in Section III. However, the controllers can be positioned with the basic formulae for plastic deformation control using the Maxwell model, which can achieve complete linearized and decoupled dynamics. Since the proposed controllers are similar in style to a common impedance controller, there is the potential for applying the conventional relevant theory of impedance control to plastic deformation control on the basis of the analogy between them to improve them in simplicity, robustness, and stability. As it stands, the controllers can be applied not only to position control but also to orientation control by introducing the rotational variables and external moment to the dynamics. In addition, they work even when the mass of the object is unknown because the information about the mass of the object is not directly required for the input calculation for the controller and is indirectly reflected only as the external force. However, the fact remains that the unknown state is conducive to the nonapplication of the controller in the vertical direction because of the constant application of gravity as the external force and makes the adjustment method for the impedance parameters more heuristic to be set to avoid rebound.
The impedance parameters are set to satisfy the overdamping condition in this paper; however, we have verified that there are some cases where a monotonic trajectory without oscillation can be generated, even in the case of a damped oscillation. This is because the displacement of the oscillation can be offset if the displacement of the back-driven motion is large. In this case, the elasticity has a large effect on the response characteristics of plastic deformation. Therefore, the elasticity is also an important factor just like the other impedance parameters, but the notable effect of the elasticity cannot be observed in the overdamping condition.
V. CONCLUSION
Impedance control for smoothly receiving the impact of an incoming object has been achieved. By regarding plastic deformation as a means for generating passive motion, the impact absorption based on the Maxwell model has been implemented. It has been verified that there exists an equivalent transformation of the Maxwell model between the series and parallel representations. Two types of controllers for both sides of the equivalent transformation are proposed and realized. Parallel-based control was designed without explicitly considering the motion of each joint in the same manner as the existing impedance control. On the other hand, series-based control was designed with direct application of the functions of the spring and damper to the motion of each joint. For both control types, physical simulations of the impact absorption with a robotic arm were executed and validate the proposed methods.
Future work will concentrate on a stability analysis and an experimental validation. This Maxwell-model-based control could be further developed to analyze the range of applications for various object states: the collision velocity, mass, and material. It could also be experimentally applied to robotic hands for high-speed catching tasks.
